Fingerprint spectral response of several materials with terahertz electromagnetic radiation indicates that terahertz technology is an effective tool for sensing applications. However, sensing few nanometer thin-film of dielectrics with much longer terahertz waves (1 THz = 0.3 mm) is challenging. Here, we demonstrate a quasi-bound state in the continuum (BIC) resonance for sensing of nanometer scale thin analyte deposited on a flexible metasurface. The large sensitivity originates from strong local field confinement of the quasi-BIC Fano resonance state and extremely low absorption loss of a low-index cyclic olefin copolymer substrate. A minimum thickness of 7 nm thin-film of germanium is sensed on the metasurface, which corresponds to a deep subwavelength length scale of λ/43000, where λ is the resonance wavelength. The low-loss, flexible and large mechanical strength of the quasi-BIC micro structured metamaterial sensor could be an ideal platform for developing ultrasensitive wearable terahertz sensors.
Potential applications of terahertz technology in a large number of industries such as biomedical, security screening and wireless communication have been demonstrated. [1] [2] [3] [4] The most important applications of the terahertz technology is in non-ionizing, non-destructive, fast imaging and sensing modalities. 3 Various materials such as DNA, proteins, fungus, and explosives show rich spectral fingerprints dominated by their intramolecular and intermolecular vibrational modes in the terahertz regime of the electromagnetic spectrum, which indicates that the terahertz technology is a highly effective tool for the sensing applications. [5] [6] [7] [8] [9] Among different sensing techniques, the sensors based on metamaterials, which are periodic arrays of artificially designed resonant elements, show remarkable sensitivity to the small volume of analyte. This sensitivity arises due to enhanced light-matter interaction owing to strong confinement of electromagnetic fields in the sub-wavelength structure. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] A sharp resonance feature is typically desired to detect minute frequency shift that arises due to low volume of the analyte. 22, 23 Moreover, the amplitude of the resonance should be strong enough so that it could be easily detected in the noisy environment. In this context, a variety of resonant structures such as metamaterials and dielectric resonator platforms possessing sharp spectral features like Fano, quadrupole, and toroidal resonances have been demonstrated for refractive index sensing. 9, [22] [23] [24] [25] [26] However, sensing nanometer thin dielectric layers with submillimeter scale terahertz waves is challenging since it typically requires nano-confined terahertz fields which involves highly complex fabrication scheme. 27 The fringing fields of the metamaterials with micron size split gaps at terahertz wavelength (λ) extend to about λ/20 (few microns) and play a vital role in sensing any changes in the dielectric environment of the metamaterials. 24, 28, 29 Thus, to harness complete sensing capability of metamaterial sensors at terahertz frequencies, usually large thickness of the analyte is desired. 25, 30, 31 On reducing the analyte thickness to few nanometers, the shift in the resonance frequency becomes less significant due to reduced strength of light-matter interaction. In the conventional terahertz time-domain spectroscopy (THz-TDS) measurements, such small shift in resonance frequency could only be measured with extremely sharp resonance features. This requires high spectral resolution which could only be obtained by longer temporal scans. Therefore, the frequency shift based sensing method becomes less effective for extremely low analyte volumes, and there arises a need for development of an alternative technique for sensing nanometer scale thin-film analytes at terahertz frequencies.
Here, we exploit quasi-bound state in the continuum (BIC) Fano resonance observed in metamaterial structures for sensing ultra-thin analyte layers. [32] [33] [34] [35] An ideal BIC is strictly a mathematical concept which results in an infinite quality (Q) factor, and it only exists in an ideal metamaterial with highly confined non-radiative mode that does not couple to the free space. 32, 34, 35 Since an ideal BIC is not observable in real systems, we access a quasi-BIC mode through their exponentially diverging Q factor trajectory. Ideal BIC states are symmetry protected and can radiate to far-field in the form of quasi-BIC (super-cavity) mode by creating a leakage channel through symmetry breaking. 34, 35 It has been recently established theoretically that the concept of Fano resonance in symmetry broken split ring resonators is a special case of BIC, known as quasi-BIC. 34 In this work, we demonstrate a quasi-BIC (Fano) based terahertz metamaterial sensor fabricated on a flexible and, low refractive index (refractive index n = 1.53
and loss tangent tanδ ~ 0.004-0.0006 at 0.2-2.5 THz) substrate of cyclic olefin copolymer (COC) for sensing deep subwavelength thicknesses of analyte. 31, [36] [37] [38] [39] This sensor renders large sensitivity owing to the low refractive index of the substrates combined with the strongly confined local fields of the quasi-BIC state in micron dimension capacitive gaps. Moreover, we utilize a recently proposed sensing analysis by Al-Naib based on the change in amplitude and phase of the broad transmission spectra due to the presence of sub-micron analyte overlayer on the top surface of the metamaterial. 21 The amplitude and phase difference based sensing is extremely fast and does not require any extra preparation steps. Using this method, we demonstrate sensing of extremely deep subwavelength analyte thickness of 7 nm which is ~1/43000 times of the metamaterial resonant wavelength. Furthermore, the COC substrates are robust and extremely flexible which makes them easily adaptable for the real world wearable photonic sensors.
In this study, we choose a typical double gap terahertz asymmetric split ring (TASR) as a building block for the metamaterial due to its design flexibility and sharp quasi-BIC Fano resonant spectral feature. 22, 35, [40] [41] [42] A small portion of a large array of two-dimensional planar TASR metamaterial fabricated on a COC substrate is shown in Figure 1 We observed that the measured results (Figure 3(d) ) are in agreement with the corresponding simulations performed using CST Microwave studio. The peak-to-peak values of ∆ϕ are 36.5º and 9.2º for the 7 nm thick analyte in simulation (Figure 3(c) ) and measurement ( Figure 3 (d) ), respectively. The extracted ∆ϕ values are quite significant and could be easily detected in the THz-TDS measurements. Therefore, monitoring the amplitude and phase difference enables sensing of extremely thin-film analytes.
We further analyzed sensitivity of the TASR metamaterials residing on COC substrate by placing an analyte of constant thickness of 40 nm but varying the refractive index and compared their sensitivity with the identical TASR metamaterials residing on standard flexible Kapton (dielectric constant ε = 3.7936) substrate which is one of the most widely used flexible substrates. We defined the sensitivity of this refractive index sensor as the peak-to-peak We plotted peak-to-peak transmission amplitude difference (|∆T|) with the change in refractive index of the analyte placed on TASR metamaterials residing on COC and Kapton substrates in 
